Introduction
Parkinson's disease (PD) is a common neurodegenerative disease characterized by a hypokinetic movement disorder with motor symptoms of resting tremor, bradykinesia, muscular rigidity and postural instability (Olanow et al., 2009) . The underlying pathology of PD is associated with chronic, progressive degeneration of dopaminergic neurons with cell bodies located in the substantia nigra pars compacta (SNpc) and axon terminals projecting to the striatum. With the degeneration of nigral dopaminergic neurons, levels of striatal dopamine (DA) become progressively depleted, thus causing an imbalance in the so-called direct and indirect striatal output pathways of the basal ganglia and the corresponding development of hypokinetic motor features. DA replacement strategies relying primarily on use of the DA precursor levodopa (L-DOPA), which act to restore striatal levels of DA, continue to be the mainstay of treatment for the symptoms of PD. These therapies become unsatisfactory over time, however, due to the need for dose escalation and the development of debilitating motor complications including on-off effects and levodopa-induced dyskinesia (LID). Therefore, there is an urgent need to develop non-dopaminergic adjunct therapies (Fox et al., 2008; Hille et al., 2001 ) that can modify the course of development of LID and/or directly ameliorate established LID.
Although opioid drugs have not currently found utility in the treatment of PD, they are known to have a profound influence on motor function and reward behavior by acting as metabotropic modulators of DA, GABA, and glutamate neurotransmission. Furthermore, the striatum expresses a high density of both μ-and δ-opioid receptors (Fox et al., 2006) . Striatal medium spiny neurons (MSNs) utilize the opioid peptides including dynorphin and enkephalins as co-transmitters, and alterations in levels of these peptides have been consistently observed in PD and LID. Striatopallidal projection neurons of the indirect pathway express enkephalins derived from the precursor preproenkephalin A (PPE-A, Penk), while the striatonigral neurons of the direct pathway express opioid peptides derived from preproenkephalin B (PPE-B, Pdyn) (Cuello and Paxinos, 1978; Gerfen et al., 1990 ). Enkephalins are endogenous ligands for δ-opioid receptors, while opioid peptides derived from PPE-B are predominantly endogenous ligands for μ, and κ opioid receptor subtypes (Breslin et al., 1993; Seizinger et al., 1984) . In PD following dopamine depletion, striatal levels of PPE-A mRNA and enkephalin are upregulated, whereas levels of PPE-B mRNA and dynorphin are downregulated (Cenci et al., 1998; Nisbet et al., 1995; Sgroi et al., 2016) .
Following long-term L-DOPA therapy leading to the development of dyskinesia, levels of the opioid peptides enkephalin and dynorphin, and mRNAs encoding their precursors are elevated in animal models of PD (Cenci et al., 1998; Duty and Brotchie, 1997; Engber et al., 1991; Henry et al., 1999; Samadi et al., 2006) . Postmortem studies of PD patients with LID, revealed increased expression of striatal PPE-A (Calon et al., 2002; Nisbet et al., 1995) and PPE-B expression (Henry et al., 2003) . These alterations suggest that the increased enkephalin transmission could be a mechanism that compensates for the downstream consequences for DA depletion in PD.
Given this background, novel opioid compounds could provide an important non-dopaminergic treatment for PD and other movement disorders. From our perspective, opioid glycopeptides offer several advantages over alkaloid-based small molecule compounds, as the likelihood of toxicity and side effects due to the production of active metabolites is greatly reduced with glycopeptide-based drugs versus alkaloids, as opioid glycopeptides are metabolized merely to di-and tripeptides, amino acids and sugars (Bilsky et al., 2000; Gengo and Chang, 2003; Portoghese et al., 1987) , while morphine and similar alkaloidlike drugs produce a cascade of toxic metabolites, which vary from individual to individual. On the other hand, the need for active metabolism can also be a problem, for example, 10% of patients cannot demethylate codeine, and thus obtain no benefit from the drug (Crews et al., 2014) . MMP-2200 is a glycosylated derivative of the opioid peptide Leu-enkephalin that has mixed-δ/μ opioid receptor agonist activity. The relative activity of MMP-2200 on μ vs. δ opioid receptors is 1:2 (Lowery et al., 2011) . It has excellent blood-brain barrier penetration following systemic (i.p.) administration as determined by microdialysis (Mabrouk et al., 2012) , reaches the dorsolateral striatum at high levels, and has been shown to produce potent behavioral effects on movements related to dopaminergic hyper-stimulation following striatal dopamine depletion (Yue et al., 2011) . In mouse models of pain MMP-2200 has reduced liability for addiction-associated behavior compared to morphine (Bilsky et al., 2000; Elmagbari et al., 2004; Lowery et al., 2011) . In this study, we set out to test if MMP-2200 has also anti-dyskinetic properties, using a well-established rodent model of LID that employs quantification of limb-axial-oral involuntary movements and dopamine-induced rotational movements. We also tested the combination of MMP-2200 + the N-methyl-d-aspartate receptor (NMDAR) antagonist MK-801, based on the hypothesis that activation of the opioid system in the basal ganglia by MMP-2200, as demonstrated in prior work (Yue et al., 2011) , will lead to downstream activation of the dopaminergic system and might reduce the known proparkinsonian activity of the anti-dyskinetic drug MK-801 (Paquette et al., 2010; Flores et al., 2014) .
Materials and methods

Stereotaxic surgery
Male Sprague-Dawley rats (250 g; Charles River, Wilmington, MA), were used and housed in a temperature and humidity-controlled room with 12 h light/dark cycles with food and water available ad libitum. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Arizona and conformed to the guidelines of the National Institutes of Health, and also comply with the ARRIVE guidelines. The number of animals used and their suffering was minimized. Animals were acclimated in the animal facility for 1 week prior to surgery. 1) For the severe unilateral 6-OHDA lesion, a total volume of 4.0 μL freshly prepared 6-hydroxydopamine hydrobromide solution (Sigma-Aldrich, St. Louis, MO; 2.5 μg per 1.0 μL in 0.9% sterile saline with 0.02% ascorbic acid) was injected into two locations in the medial forebrain bundle with the following coordinates (AP −2.8 and −4.7, ML −1.8 and −1.5, D −8.0 and −7.9) according to the atlas of Paxinos and Watson (2017) . Injections were carried out at a rate of 1.0 μL per min using a 10 μL syringe and needle (33 gauge, 22 mm, 45°t ip; Hamilton Company, Reno, NV) with a Stoelting microinjector (Stoelting Co., Wood Dale, IL); the needle was left in place post-injection for a further 3 min to prevent any backflow of 6-OHDA solution upon withdrawal. Rats were pretreated 30 min prior to the 6-OHDA infusion with 12.5 mg/kg (i.p.) desipramine to prevent uptake of 6-OHDA by noradrenergic neurons. Following a 2-week period, animals were screened for unilateral dopaminergic denervation using the amphetamine-induced rotations test.
Amphetamine-induced rotations
To evaluate the severity/extent of DAergic lesions, unilateral 6-OHDA-lesioned rats were injected with amphetamine (5.0 mg/kg, i.p.) to induce asymmetrical dopamine release from the SNpc projections to the striatum. For each animal, total ipsiversive rotations were counted for a total of 60 min after the injection and the average number rotations per minute were calculated. Two weeks post-surgery, rats showing an average of ≥4 full rotations per min ipsilateral to the side of the 6-OHDA lesion were selected for further experimentation in the dyskinesia model. This number of rotations has previously been shown to correspond to levels of striatal dopamine depletion > 90% (Dekundy et al., 2007) .
Forepaw adjusting steps test (FAS)
Motor performance and anti-PD activity of L-DOPA was measured using a procedure previously described (Chang et al., 1999; Eskow et al., 2007) . A 0.9-meter distance is marked off on a smooth table. The rat is held by the experimenter with one hand supporting, but obstructing movement of the hindlimbs. The hind limbs are then slightly raised off the surface of the table. The experimenter's second hand is used to support and obstruct the movement of the forelimb not being tested. The forelimb being tested is allowed to touch the table and then moved sideways over the set distance at a rate of 0.1 m/s. The experimenter moves the forelimb first in the backhand direction, followed by the forehand. Each forelimb was tested three times per session. The number of adjusting steps made in each direction and trial was counted to give an average score. All tests were performed by a blinded observer.
L-DOPA-Induced AIMs
Severely lesioned rats were primed on L-DOPA (7 mg/kg; with 14 mg/kg benserazide) via once-daily injections (i.p.) for 21 consecutive days. The animals were then injected twice per week thereafter to maintain the dyskinetic state. AIMs were assessed by an observer blind to treatment condition, using an adapted version of the Abnormal Involuntary Movement Scale described by Cenci et al. (1998) , previously described by Paquette et al. (2010) . Each animal was rated on a scale of 0 (absent) to 4 (most severe) on each of four subscales (limb dyskinesia, axial dystonia, oral dyskinesia, and contraversive rotation). Limb, axial, oral, and locomotor type AIMs were based on 1 min observation intervals conducted every 20 min time point for 180 min after administration of drugs. Specifically, for limb dyskinesia, rating of 1 indicated 1 discrete period of abnormal movement, 2 indicated 3 or more discrete periods of abnormal movement, and 3-4 indicated continuous abnormal movement, with 4 indicating that AIMs could not be interrupted by a loud tap on the test cage. For axial dystonia, a rating of 1 indicated a contralateral bias in head orientation, 2 indicated a contralateral bias in head and upper body orientation, and 3-4 indicated a severe contralateral bias in head and upper body orientation (i.e., head above the tail in a four-paw stance), with 4 indicating loss of balance (i.e., falling). For oral dyskinesia, a rating of 1 indicated 2-3 bouts of mastication, 2 indicated more than 3 bouts of mastication, and 3-4 indicated continuous mastication, with 4 indicating the presence tongue protrusions. For L-DOPA-induced contraversive rotation, a rating of 1 indicated 2-3 contraversive turns, 2 indicated more than 3 contraversive turns, and 3-4 indicated continuous contraversive rotation, with a 4 indicating that these could not be interrupted by a loud tap on the cage. When ipsiversive rotation was observed, this was rated identically to contraversive rotation, except a negative score was provided to indicate ipsiversive directionality. Limb, axial, and oral subscale scores were summed to create a composite LAO AIMs score, while Locomotor AIMs scores were considered separately from LAO scores. Total scores for AIMs, as well as for each subscale, were summed over the entire duration of the experiment (180 min).
Pharmacological treatments and procedure
A within-subjects crossover design was utilized to control for variability between experiments. In this design, each experiment consisted of two days of testing, 3-4 days apart. On the first testing day, half of the animals received the experimental treatment while the other half received the vehicle control; on the second testing day, the conditions were reversed. The assignment of animals to vehicle vs. experimental conditions on the first day was randomized. This experimental paradigm was designed to control for within-subject variability and to ensure that no progressive changes in the animals' baseline level of AIMs occurs. An important aspect of our experimental design is that a separate vehicle control test is performed for each drug and/or drug combination tested. All drugs were dissolved in 0.9% USP grade sterile saline and delivered via intraperitoneal (i.p.) injection at a volume of 1 ml/kg, except for SKF81297, which was dissolved in a vehicle mixture of 20% DMSO: 80% saline and was delivered subcutaneously (s.c.). The procedure for the establishment of AIMs induced by the selective dopamine receptor agonists was performed in the same manner as described in Flores et al. (2014) . The novel opioid glycopeptide MMP-2200 (N-Tyr-D-Thr-Gly-Phe-Leu-Ser-(O-β-D-lactose)eCONH; a.k.a. Lactomorphin; as 1xAcOH salt) is a GMP-compliant material synthesized by UCB Bioproducts, Belgium; the structure of MMP-2200 is described in detail in Do Carmo et al. (2008) . L-DOPA (levodopa; L-3,4-dihydroxyphenylalanine methyl ester hydrochloride), benserazide hydrochloride (DL-serine 2-(2,3,4-trihydroxybenzyl) hydrazide hydrochloride) and (+)-MK-801 ((5S,10R)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine) hydrogen maleate were purchased from Sigma-Aldrich, St. Louis, MO; the highly selective nonpeptide δ-opioid receptor (DOR) antagonist naltrindole (17-(Cyclopropylmethyl)-6,7-dehydro-4,5α-epoxy-3,14-dihydroxy-6,7-2′,3′-indolomorphinan hydrochloride), the selective D 1 R agonist SKF81297 (0.8 mg/kg, s.c.) and the selective D 2 R-D 3 R agonist quinpirole (0.2 mg/ kg, i.p.) wer purchased from Tocris Bioscience/R&D Systems, Inc., Minneapolis, MN. Naltrindole (3 mg/kg, i.p.) was administered 10 min prior to testing.MMP-2200, SKF81297 (0.8 mg/kg, s.c.) and quinpirole (0.2 mg/kg, i.p.) were administered at the beginning (t = 0 min) of testing. The naltrindole dose was chosen based on our prior work showing that this dose blocks effects of MMP-2200 in 6-OHDA-lesioned rats (Yue et al., 2011) . MK-801 was given 25 min prior to testing.
The total study N is 39. In a first pilot cohort 1 n = 12 animals received unilateral 6-OHDA lesions and n = 10 developed a sufficiently severe PD lesion. The average amphetamine-induced rotation counts per min was 5.05 (SEM = 0.05). These animals were then primed with L-DOPA for 3 weeks and n = 8 developed LID. These LID animals were tested for effects of MMP-2200 on L-DOPA-induced AIMs. In the cohort 2 n = 15 animals received unilateral 6-OHDA lesions, and n = 12 developed a sufficiently severe PD lesion. The average amphetamine-induced rotation counts per min was 5.89 (SEM = 0.38). These animals were then primed with L-DOPA for 3 weeks and n = 10 developed LID. These were sequentially tested with L-DOPA, MMP-2200, naltrindole, and MK-801, followed by the SKF81297 and quinpirole experiments. In cohort 2 three animals died from unrelated causes during these longterm studies over several months, therefore there is only n = 9-10 for the MK-801 experiments, and n = 7-8 for the SKF81297 and quinpirole experiments. For the final analysis of the effects of MMP-2200 on L-DOPA AIMs the data from cohort 1 and cohort 2 were combined to increase power (n = 17-18). The three animals in cohorts 1 and 2 that were showing L-DOPA-induced LAO AIMs, but did not exhibit any L-DOPA-induced locomotor AIMs to begin with, were excluded from the analysis of the effects of MMP-2200 on L-DOPA-induced contralateral locomotor AIMs. In the cohort 3 n = 12 animals received unilateral 6-OHDA-lesions, and n = 10 developed a sufficiently severe PD lesion. The average amphetamine-induced rotation counts per min was 7.3 (SEM = 1.1). In these 10 PD animals MMP-2200 was tested with the FAS test to evaluate antiparkinsonian activity. These animals were then primed with L-DOPA and n = 7 developed dyskinesia after 3 weeks. In these 7 LID animals the effect of L-DOPA + MMP-2200 + MK-801 on the non-drug induced FAS test was evaluated.
Euthanasia and brain tissue harvest
Rats were sacrificed 1 day after the last dose of drug with Euthasol (0.35 mg/kg, i.p.; Virbac, Fort Worth, TX, United States). For a quantitative measure of the extend of the PD-lesion with our protocol for n = 7 animals the whole brains were extracted, prepped for semiquantitative western analysis of tyrosine hydroxylase (TH) and quantitative DA measurements, as described below in section 2.7. In the preparation for the DA measurement one sample was not recovered, leading to an n = 6 for that analysis. For the remaining animals the whole brains were extracted after transcardial perfusion-fixation with phosphate buffered saline (PBS) followed by cold 4% paraformaldehyde in PBS, and further fixed overnight in 4% paraformaldehyde. Immunohistochemical analysis (IHC) was done for visual verification of lesion, as described below in section 2.8.
DA, serotonin and TH measurements
Rat brains were washed in chilled Tris buffer (pH = 7.4, 15 mM Tris, 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 ) for 30 s and placed in a chilled brain block. Coronal brain slices were collected and a 2 mm steel biopsy punch was used to sample tissue from the striatum. Samples from left and right hemispheres were collected and immediately flash frozen on an aluminum pan at −70°C. Samples massed at 2.5 ± 0.5 mg, were placed in 1.5 mL homogenization vials with 100 μL of 0.1 N HClO 4 (aq), manually homogenized (15 strokes) using a disposable pestle and stored at −80°C for up to 2 weeks prior to analysis. High performance liquid chromatography with electrochemical detection (HPLC-EC) was used to separate and quantify DA, 3,4-dihydroxyphenylacetic acid (DOPAC), serotonin, and 5-hydroxyindoleacetic acid (5-HIAA), per established protocol (Mefford et al., 1980) . After the tissue punch, described above, the remaining striata from left and right hemispheres were immediately flash frozen and stored at −80°C. Total protein was prepared by homogenizing and semi-quantitative western analysis of striatal tyrosine hydroxylase (TH) content was conducted as described to quantify the extent of the 6-OHDA-lesion (Flores et al., 2014) . 10 μg of protein was loaded for each sample to measure TH and β-Actin as internal control.
Immunohistochemical staining
The IHC analysis was performed as described in detail in prior work (Yue et al., 2011) . 40 μm sections yielding the substantia nigra and the striatum were obtained using a vibratome (Pelco 101 Series-1000, Pelco, Clovis, CA) and mounted on standard glass slides (Fisher Scientific). Next, the sections were stained with a rabbit anti-TH primary antibody (1:10,000 for 24 h at 4°C; Millipore) and a biotinylated donkey anti-rabbit immunoglobulin G secondary antibody (1:1000 for 2 h at RT; Millipore). To eliminate nonspecific binding prior to immunostaining endogenous peroxidase activity was blocked using 0.3% H 2 O 2 for 30 min at room temperature (RT), the slides were then washed 3 times for 5 min with Tris buffer (pH = 7.6) and submerged in blocking solution (1% normal donkey serum, 0.1% Triton-X-100, TrisHCl buffer, pH 7.6) for 2 h at RT. The signal from the secondary antibody was amplified using the ABC reagent (Vectastain Elite ABC Kit, PK-6100) according to the manufacturer's protocol. We used DAB substrate (Vector Laboratories, Burlingame, CA) as the chromogen for final visualization of TH immunoreactivity.
Statistical analyses
All statistical analyses were performed with Prism 7 software (Graphpad, La Jolla CA). Nonparametric Kruskal-Wallis tests with Dunn's multiple comparisons post hoc tests were performed to compare total LAO and locomotor AIMs scores. AIMs scores at individual time points during each experiment were tested against vehicle control with two-tailed Wilcoxon matched pairs signed rank sum tests with HolmBonferroni post hoc tests to correct for multiple comparisons (Holm, 1979) . One-way ANOVA (with Tukey post hoc tests) was performed for the FAS test analysis. Two-way ANOVA (with Bonferroni post hoc tests) was used for the analysis of striatal dopamine and serotonin content in lesioned and non-lesioned hemispheres. For all statistical analyses, the null hypothesis was rejected when p < 0.05.
Results
Post hoc analyses to verify the 6-OHDA lesion
As has been shown in prior work (Bartlett et al., 2016; Flores et al., 2014; Yue et al., 2011) , the medial forebrain bundle (MFB) lesion protocol in our hands leads to > 90% depletion of striatal DA content on the lesioned side of the brain, while leaving levels of serotonin unaltered. The mean number of amphetamine-induced ipsiversive rotations for PD animals (n = 30) included in this study was 6.08 (SEM = 0.66), indicating a > 90% PD-lesion (i.e. > 90% dopamine denervation of nigrostriatal projections from the SNpc). In post hoc analyses, we observed a reduction of striatal and nigral TH immunoreactivity ( Fig. 1A and B ). This was quantified in a subset of animals with semi-quantitative western analysis of TH and showed greater than a 90% reduction of TH in the lesioned hemisphere compared to the intact hemisphere (mean relative intensity TH/β-actin: intact side = 2.73; lesioned side = 0.30; p = 0.016; n = 7; two tailed t-test). There is also a 95% loss of striatal DA on the lesioned side, while serotonin and metabolite levels remained unchanged (F [1, 22] = 290.47, p < 0.0001, two-way ANOVA, Bonferroni post hoc tests) as shown in Fig. 1C .
MMP-2200 does not interfere with L-DOPA's antiparkinsonian activity and has antiparkinsonian activity on its own
After L-DOPA-induced dyskinesia was established (i.e., after 21 days of L-DOPA priming), we validated that MMP-2200 does not interfere with the antiparkinsonian action of L-DOPA by using the FAS (forelimb adjusting steps) test paradigm, a measure of forelimb akinesia. The PD lesion-induced reduction in the use of the contralateral front paw was reversed by L-DOPA treatment, and this rescue was not altered by coinjection of MMP-2200 with L-DOPA (one-way ANOVA, F [3, 30] = 281.5; p < 0.0001, Tukey multiple comparisons post hoc tests; comparison of each group to post-lesion yielded p < 0.0001, all other post hoc comparisons were not statistically significant) as shown in Fig. 2A . In a separate cohort we tested the effects of MMP-2200 by itself in PD animals on akinesia using the FAS test (Fig. 2B) . In these unilaterally 6-OHDA-lesioned animals a clear reduction in the contralateral forelimb steps is evident as expected when compared to baseline. Treatment with MMP-2200 (20 mg/kg; i.p.) leads to a significant increase in the percentage of the contralateral steps indicating a modest antiparkinsonian activity (paired sample t-test, t = 2.961, two-tailed p = 0.0159, n = 10). Fig. 1 . Verification of 6-OHDA lesion. Unilateral injections of 20 μg 6-OHDA into the MFB created a severe lesion in the substantia nigra. The presence of the unilateral lesion was verified using tyrosine hydroxylase (TH) immunoreactivity as a marker of dopaminergic neurons. The loss of dopaminergic cell bodies in the substantia nigra (A) and the loss of dopaminergic terminals in the striatum (B) are visible in the example photomicrographs after immunohistochemical staining for TH. (C) As expected, the striatal dopamine (DA) level measured with HPLC-EC was reduced by over 95% in the lesioned hemisphere, while the level of serotonin (5-HT) and the respective metabolites remained unchanged. Mean values ± SEM are plotted, n = 6; ***p < 0.0001, two-way ANOVA, Bonferroni post hoc tests.
MMP-2200 differentially affects LAO and locomotor AIMs induced by
L-DOPA; these effects are blocked by naltrindole MMP-2200 at both doses (10 and 20 mg/kg) significantly increased LAO AIMs relative to their respective vehicle control experiments, as shown in Fig. 3A and B, which plots the time course data for the entire experiment. Two-tailed Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple comparisons were performed at each individual time point (n = 17-18) . This is also shown in Fig. 4A for the total AIMs scores, Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple comparisons vs. vehicle control on total AIMs scores; (MMP-2200, 10 mg/kg: W = 137, p = 0.002, n = 17; MMP-2200, 20 mg/kg: W = 137, two-tailed p = 0.0024, n = 18). MMP-2200 significantly decreased locomotor AIMs induced by L-DOPA as shown in the time course in Fig. 3C and D (two-tailed Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple comparisons, n = 14). In Fig. 4B for the total AIMs scores are shown (Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple comparisons vs. vehicle control MMP-2200, 10 mg/kg: W = −81, two-tailed p = 0.011, n = 14); MMP-2200, 20 mg/kg: W = −89, two-tailed p = 0.0116, n = 14). The effect of MMP-2200 to enhance LAO AIMs (at both 10 and 20 mg/kg) was blocked by systemic administration (i.p.) of the selective DOR antagonist naltrindole at 3 mg/kg (Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple comparisons vs. vehicle control on total AIMs scores; MMP-2200, 10 mg/kg: W = −28, two-tailed p = 0.504, n = 10; MMP-2200, 20 mg/kg: W = 16, two-tailed p = 0.75, n = 10), as shown in Fig. 4A . Naltrindole alone did not alter the expression of LAO AIMs when compared to its vehicle control in the crossover design (Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple comparisons, W = 2, two-tailed p = 0.9336, n = 10). This indicates that the effect of MMP-2200 on L-DOPA-induced AIMs is mediated by a pathway utilizing the DOR system. For locomotor AIMs, naltrindole blocked the effects of Mean percentage of contralateral/ipsilateral steps ± SEM using the FAST paradigm are plotted for the pre-lesion baseline and post-lesion tests and for the tests of L-DOPA (7 mg/kg, i.p.) and L-DOPA (7 mg/kg, i.p.) + MMP-2200 (20 mg/kg, i.p.); n = 9. n.s. = not significant, ***p < 0.0001. (B) MMP-2200 (20 mg/kg, i.p.) by itself displays modest antiparkinsonian activity in the FAST paradigm as well in a separate cohort of animals. The bar graph depicts the mean percentage of contralateral/ipsilateral steps ± SEM using the FAST paradigm and is plotted for the post-lesion baseline and then following administration of MMP-2200 at 20 mg/kg, n = 10, *p < 0.05; statistics were performed on data before normalization. Fig. 3 . The effect of MMP-2200 on L-DOPA-induced AIMs. In the top panels, LAO AIMs scores are plotted and in the lower panels the L-DOPA-induced locomotor scores (contraversive rotations) are shown (7 mg/kg L-DOPA). Co-injection of (A) 10 mg/kg and (B) 20 mg/kg MMP-2200 increases L-DOPA-induced LAO AIMs scores by ∼10% (mean AIMs score ± SEM; n = 17-18; **p < 0.01). Conversely, co-injection of (C) 10 mg/kg and (D) 20 mg/kg MMP-2200 led to a marked 50% decrease in L-DOPA-induced contraversive rotations compared to the L-DOPA-only vehicle control (mean AIMs score ± SEM; n = 14; ***p < 0.001, **p < 0.01, *p < 0.05). MMP-2200 at the 10 mg/kg dose (Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple comparisons vs. vehicle control were performed on total AIMs scores; MMP-2200, 10 mg/kg: W = −8, two-tailed p > 0.9999, n = 10;, W = −25, twotailed p = 0.6738, n = 10), as shown in Fig. 4B . Comparison of the different LAO vehicle control experiments using a Kruskal-Wallis test did not reveal any significant differences; this provides evidence that the level of expression of LAO AIMs in the vehicle control experiments remained stable across time (H = 4.647, p = 0.2246, n = 5). The same was true for locomotor AIMs vehicle control experiments (H = 1.175, p = 0.8821, n = 5).
Effects of MMP-2200 on D 1 R-induced AIMs
We then tested the individual contributions of the direct and indirect striatal output pathways on the expression of DA receptormediated AIMs. A D 1 R-induced dyskinesia model was established as previously described in Flores et al. (2014) . Briefly, animals initially primed with L-DOPA were treated with the selective D 1 R agonist SKF18297 (0.8 mg/kg, s.c.) three times to ensure stable expression of AIMs in response to the D 1 R agonist. Co-administration of MMP-2200 (20 mg/kg) led to significant reduction in SKF18297-induced locomotor AIMs, as shown in Fig. 5B , which plots the time course data for the entire experiment (Wilcoxon matched-pairs signed rank tests with Holm-Bonferroni corrections for multiple comparisons were performed at each individual time point, n = 7). In Fig. 5D the total scores are shown (Wilcoxon matched-pairs signed rank test vs. vehicle control on total AIMs scores; W = −24, p = 0.0469, n = 7). However, MMP-2200 had no effect on LAO AIMs in this paradigm, as shown in Fig. 5A for the whole time course (Wilcoxon matched-pairs signed rank tests HolmBonferroni corrections for multiple comparisons were performed at each individual time point, n = 8). In Fig. 5C the total scores are depicted (Wilcoxon matched-pairs signed rank test vs. vehicle control was performed on total AIMs scores; W = 6, p = 0.7422, n = 8).
MMP-2200 reduces D 2 R-induced AIMs
Next, the rats were primed with the selective D 2 R agonist quinpirole (0.2 mg/kg, i.p.) three times to ensure stable expression of AIMs in response to the D 2 R agonist. Both LAO and locomotor AIMs were elicited by quinpirole, as previously shown by Flores et al. (2014) . Co-administration of MMP-2200 (20 mg/kg) with quinpirole led to a marked reduction (40%) in LAO, as shown in Fig. 6A , which plots the time course data for the entire experiment (two-tailed Wilcoxon matchedpairs signed rank tests Holm-Bonferroni corrections for multiple comparisons were, n = 7). This is further shown in Fig. 6C , which shows the total LAO scores (Wilcoxon matched-pairs signed rank test vs. vehicle control on total AIMs scores; W = −28, two-tailed p = 0.0156, n = 7). Locomotor AIMs were reduced by ∼80% overall as illustrated by the time course data in Fig. 6B (Wilcoxon matched-pairs signed rank tests Holm-Bonferroni corrections for multiple comparisons, n = 7) and in Fig. 6D for the total scores (Wilcoxon matched-pairs signed rank test vs. vehicle control on total AIMs scores; W = −21, two-tailed p = 0.0313, n = 7). The data on the effects of MMP-2200 for all three treatments are summarized in Table 1 .
Effects of co-administration of MMP-2200 and MK-801
In the present study, we have also confirmed that MK-801 (0.3 mg/ kg, i.p.) produces a pro-parkinsonian effect, reliably inducing rotations ipsiversive to the side of the 6-OHDA lesion, which is a correlate of proparkinsonian activity in this model, and producing akinesia in the FAS test. The time course plots of these experiments show that the effect of MK-801 lasted throughout the entire duration of the 3-hour testing period for both LAO and locomotor AIMs measures, as shown in Fig. 7 A, D (two-tailed Wilcoxon matched-pairs signed rank tests Holm-Bonferroni corrections for multiple comparisons were performed at each individual time point, n = 10). In Fig. 8A the total LAO AIMs are shown (Kruskal-Wallis test with Dunn's multiple comparisons post hoc tests (H = 4.647, p < 0.0001, n = 6)), and in Fig. 8B the total locomotor AIMs (Kruskal-Wallis test with Dunn's multiple comparisons post hoc In all graphs, AIMs scores were acquired over a 180 min interval following administration of drugs, using a within-subjects crossover design (*p < 0.05; n = 8). In all graphs data were acquired over a 180 min period following administration of drugs, using a within-subjects crossover design (*p < 0.05; n = 7).
test (H = 4.647, p < 0.0001, n = 6)).
Importantly, co-injection of MMP-2200 at both 10 and 20 mg/kg completely abolished ipsiversive rotations induced by MK-801, while simultaneously preventing the induction of contraversive rotations induced by L-DOPA, as shown in the time course data in Fig. 7E and F (two-tailed Wilcoxon matched-pairs signed rank tests Holm-Bonferroni corrections for multiple comparisons were performed at each individual time point, n = 9-10). This indicates that the pro-parkinsonian effect was blocked by MMP-2200, while a robust anti-dyskinetic effect on LAO AIMs remains, as shown in the time course data in Fig. 7B and C (two-tailed Wilcoxon matched-pairs signed rank tests Holm-Bonferroni corrections for multiple comparisons were performed at each individual time point, n = 9-10). This is further depicted in Fig. 8A for the total LAO AIMs (Kruskal-Wallis test, H = 44.32, p < 0.0001, n = 6, with Dunn's multiple comparisons post hoc tests; MMP-220, 10 mg/kg: mean rank diff. = −8.55, two-tailed p > 0.9999, n = 10; MMP-2200, 20 mg/kg: mean rank diff. = −8.472, two-tailed p > 0.9999, n = 9), and in Fig. 8B for total locomotor AIMs (Kruskal-Wallis test, H = 35.32, p < 0.0001, n = 6, with Dunn's multiple comparisons post hoc tests; MMP-2200, 10 mg/kg: MMP-220, 10 mg/kg: mean rank diff. = −16.85, p = 0.0592, n = 10; MMP-2200, 20 mg/kg: mean rank diff. = −18.08, two-tailed p = 0.0404, n = 9). Naltrindole does not interfere to an appreciable extent with the effect of MMP-2200 on ipsiversive rotations elicited by MK-801; MK-801 combined with MMP-2200 (20 mg/kg) still leads to a significant reduction in locomotor AIMs following naltrindole administration. Fig. 8B shows the total locomotor scores (Kruskal-Wallis test, H = 35.32, p < 0.0001, n = 6, with Dunn's multiple comparisons post hoc tests; MMP-2200, 10 mg/kg: mean rank diff. = −10.18, p > 0.9999, n = 10; MMP-2200, 20 mg/kg: mean rank diff. = −10.78, two-tailed p = 0.9490, n = 9). In the case of LAO AIMs, the administration of naltrindole combined with 20 mg/kg MMP-2200 does significantly interfere with the anti-dyskinetic action of MK-801 (Kruskal-Wallis test, H = 35.32, p < 0.0001, n = 6, with Dunn's multiple comparisons post hoc tests; MMP-2200, 10 mg/kg: mean rank diff. = −17.64, p > 0.3096, n = 10; MMP-2200, 20 mg/kg: mean rank diff. = −28.44, two-tailed p = 0.0091, n = 9), as shown in Fig. 8A .
Finally, it's important to note that comparison of the different LAO vehicle control experiments using a Kruskal Wallis test did not reveal any significant differences; this provides evidence that the level of expression of LAO AIMs in the vehicle control experiments remained stable across time (H = 5.517, p = 0.3561, n = 6). The same was true for locomotor vehicle control experiments (H = 4.557, p = 0.4723, n = 6).
In a separate cohort of LID animals with baseline LAO AIMs of 24.5 ± 5.0 (mean ± SEM) and locomotor AIMs of 4.6 ± 1.6 (mean ± SEM) we further evaluated if the antiparkinsonian activity of MMP-2200 can counter the MK-801-induced pro-parkinsonian activity using a non-drug-induced behavior. FAS test data from these LID animals showed that indeed MMP-2200 successfully counteracted the proparkinsonian activity of MK-801 in this paradigm measuring forelimb akinesia (Fig. 9) . One-way ANOVA (with Tukey post hoc tests) were performed on contralateral steps (F [6, 27] = 32.13; p = 0.0001) and ipsilateral steps (F [6, 27] = 21.2; p < 0.0001) in the FAS test paradigm (Fig. 9A) . As anticipated, the proportion of contralateral forelimb steps in both the post-lesion and MK-801 conditions was significantly decreased compared to baseline, owing to the unilateral lesion-both MMP-2200 (20 mg/kg) administration led to a small increase in L-DOPA-induced LAO AIMs, a decrease in quinpirole-induced LAO AIMs, and had no effect on SKF81297-induced LAO AIMs. MMP-2200 significantly decreased locomotor AIMs to differing degrees for the different AIM inducers. n.s. = not significant; ￪ = increase ￬ = decrease. (E and F) ; mean AIMs scores ± SEM; n = 9-10; *p < 0.05. yielding p-values < 0.0001 (mean differences of −44.57 and −47.14 respectively). Administration of MK-801 by itself markedly suppresses the expression of L-DOPA-induced AIMs; therefore, the proportion of contralateral forelimb steps in this condition remained low and were not significantly different from their post-lesion state (p = 0.4950). In the L-DOPA + MMP-2200 (10 mg/kg) + MK-801 condition, a significant reduction in the proportion of contralateral steps relative to baseline remained (mean difference = −21.86, p = 0.0385). However, the proportion of contralateral steps in this condition was significantly higher than that realized in the MK-801 alone condition (mean difference = 25.29, p = 0.0430), indicating that 10 mg/kg MMP-2200 reduces the pro-parkinsonian effect of MK-801. Contralateral steps in the L-DOPA + MMP-2200 (20 mg/kg) + MK-801 condition were significantly increased relative to both post-lesion and MK-801 alone conditions (mean difference = 33.57, p = 0.0008 and mean difference = 36.14, p = 0.0003 respectively), further demonstrating that the pro-parkinsonian activity of MK-801 is suppressed by this high dose of MMP-2200. In fact, addition of MMP-2200 at this higher 20 mg/kg dose restored the proportion of contralateral forelimb steps to a level that was no longer significantly different from the pre-lesion baseline (mean difference = −11, p = 0.3539). Therefore, MMP-2200 can successfully counteract the pro-parkinsonian effects of MK-801 without compromising the antiparkinsonian action of L-DOPA itself.
With regard to ipsilateral forelimb steps (Fig. 9B) , which are controlled by the intact side of the brain and are not attributed to L-DOPA hypersensitivity, the mean and variance of forelimb steps in the baseline and post-lesion conditions are nearly identical, as expected. Tukey multiple comparisons post hoc tests showed that following administration of L-DOPA + MK-801, a vast reduction in the proportion of ipsiversive steps was observed relative to these first two conditions (mean difference = −39.57, p = 0.008 and mean difference = −41.86, p = 0.0032 respectively). From this akinetic state, co-administration of MMP-2200 at both 10 and 20 mg/kg with L-DOPA and MK-801 led to a significant increase and rescue of ipsiversive forelimb steps (mean difference = 30.57, p = 0.0011 and mean difference = 26.29, p = 0.0152 respectively). The movement-restorative effects of MMP-2200 in both doses were complete, and there was no statistically significant difference from baseline or post-lesion data.
Discussion
MMP-2200, also known as Lactomorphin, is a synthetic opioid glycopeptide, structurally-based on Leu-enkephalin, which has mixed-δ/μ opioid receptor agonist activity and a favorable pharmacological profile compared to alkaloid-based opioid compounds (Li et al., 2012) . We have previously shown that MMP-2200 has potent behavioral effects in rodent models of PD, where it blocks amphetamine-induced rotations in unilaterally 6-OHDA-lesioned animals and blocks dopaminergic hypersensitivity in animals with reserpine-induced dopamine depletion (Yue et al., 2011) . Since amphetamine releases dopamine Naltrindole (3 mg/kg) administration attenuates the anti-dyskinetic effect of MK-801 + MMP-2200. The data are plotted as % of L-DOPA-only vehicle control (mean ± SEM; n = 9-10; ****p < 0.0001, **p < 0.01, *p < 0.05, statistics done on raw AIMs data before normalization to % control). All groups are significantly decreased from vehicle control. (B) MK-801 (0.3 mg/kg, i.p.) produces a pro-parkinsonian effect, inducing rotations ipsiversive to the side of the 6-OHDA lesion, which is a correlate of parkinsonian activity in this model. Locomotor AIMs: Both 10 and 20 mg/kg MMP-2200 doses abolished MK-801-induced locomotor AIMs. This was significantly changed by the δ-opioid specific antagonist, leading to contraversive rotations instead (mean AIMs ± SEM; n = 9-10; ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, # p = 0.058, statistics on raw AIMs data). Vehicle LAO and locomotor AIMs were not significantly different between different experimental conditions. Fig. 9 . MMP-2200 suppresses the pro-parkinsonian activity of MK-801. Using the FAS test in LID rats we could show that MK-801 (0.3 mg/kg; i.p.) completely blocks the activity of L-DOPA (7 mg/kg; i.p.) to counter the akinesia in the contralateral limb and MK-801 also significantly decreases the proportion of ipsiversive steps relative to baseline and post-lesion, as has been shown by others prior. In the graph depicted in (A) the mean contralateral steps ( ± SEM) are plotted and in (B) the mean ipsilateral steps ( ± SEM) are depicted. A reversal of the pro-parkinsonian MK-801 effect is already evident after co-injection (i.p.) of 10 mg/kg MMP-2200 + MK-801, and at 20 mg/kg of MMP-2200 + MK-801 there is no significance difference from pre-lesion baseline for both contralateral and ipsilateral steps. Data are represented as mean contralateral/ipsilateral, normalized to the pre-lesion baseline ± SEM; n = 7; statistics were performed on data before normalization. (A) ****p < 0.0001, ***p < 0.001, *p < 0.05; (B) ***p < 0.001, **p < 0.01, *p < 0.05. non-selectively from nigrostriatal terminals, we could not determine to what extent MMP-2200 was acting on the direct vs. the indirect pathway. We now report a more detailed pharmacological study of MMP-2200, in which we separately activate the direct and indirect striatal outflow pathways of the basal ganglia using selective dopamine receptor agonists. We first could demonstrate that MMP-2200 not only does not interfere with the antiparkinsonian activity of L-DOPA, but has a modest antiparkinsonian activity by itself as well, which is also consistent with its ability to reduce amphetamine-induced rotations. We also demonstrate that MMP-2200 attenuates four separate modalities of rotational behavior: (1) contraversive rotations induced by L-DOPA, (2 & 3) contraversive rotations induced by selective stimulation of D 1 -and D 2 -like receptors and (4) ipsiversive rotations induced by the selective NMDA receptor antagonist MK-801. In the unilateral 6-OHDA-lesion model, the contraversive rotations are thought to reflect dopamine hypersensitivity and are related to the clinical phenomenon of LID, while ipsiversive rotations reflect either worsening of the parkinsonian state (i.e. MK-801, vide infra), or activation of the intact hemisphere (i.e. amphetamine). We also employed quantified measures of limb, axial and orolingual (LAO) AIMs, which represent a further experimental refinement in modeling the clinical phenomenon of LID.
Effects of MMP-2200 on dopamine agonists and selective modulation of the indirect striatal outflow pathway of the basal ganglia
In the present study, we used selective pharmacological stimulation of D 1 and D 2 -like receptors in order to examine the differential effects of MMP-2200 in the direct and indirect pathway. We show that MMP-2200 selectively blocks dyskinesia produced by D 2 R-like agonist activity. Hemi-parkinsonian animals were initially primed with L-DOPA and then probed sequentially with L-DOPA, the selective D 1 R agonist SKF81297, and finally the selective D 2 R-like agonist quinpirole (see Table 1 in the Results section). We show that MMP-2200 selectively reduces D 2 R-like agonist-induced LAO AIMs while having no comparable effect against LAO AIMs induced by the selective D 1 R agonist. A similar result was obtained with regard to locomotor (contralateral rotational) behavior: MMP-2200 completely blocked the effects of the D 2 R-like agonist, while only producing a partial reduction in rotational movements driven by the D 1 R agonist. Taken together these results are consistent with an effect of MMP-2200 that is predominantly selective for the indirect pathway. The ability of MMP-2200 to offset the dyskinesia produced by the D 2 R-like agonists is a significant finding given that drugs with D 2 R-like agonism are used extensively for the treatment of PD, e.g. pramipexole, ropinirole, and rotigitine. When these clinically-approved drugs are used in early stages of Parkinson's disease as monotherapy, they effectively reduce the motor symptoms of PD but do not cause dyskinesia (Holloway et al., 2004; Rascol et al., 2000) . In fact, dopamine agonists play an important role in L-DOPA sparing strategies used in the therapeutic management of PD (Connolly and Lang, 2014) . When dopamine agonists are used in combination with L-DOPA to treat more advanced stages of PD, however, they contribute to the overall severity and duration of dyskinesia (Hauser et al., 2007; Holloway et al., 2009; Katzenschlager et al., 2008) . With further development, MMP-2200 could be positioned to treat dyskinesia in these more advanced patients with LID that are being treated with combinations of L-DOPA and dopamine agonists.
The lack of effect of MMP-2200 on D 1 R-induced dyskinesia could, in theory, limit the therapeutic efficacy of MMP-2200, to the extent that a considerable number of currently prescribed antiparkinsonian drugs exhibit D 1 R agonism. Nevertheless, pramipexole and ropinirole, the most commonly prescribed oral dopamine agonists, have no appreciable D 1 R activity (Millan et al., 2002) . Other agonists with predominant D 2 R-like activity include the transdermal drug rotigotine and the injectable agonist apomorphine; while these agonist do exhibit a low level of D 1 R agonism, they are more highly selective for D 2 Rs (Chen et al., 2009; Millan et al., 2002; Scheller et al., 2009 ). L-DOPA, the mainstay of treatment for PD, and also the major pharmacological contributor to LID, activates all subtypes of DA receptors belonging to both the D 1 and D 2 families of DA receptors, as discussed specifically below. While D 1 R agonism is thought important for complete control of parkinsonian motor symptoms, few therapeutic advances have been made with selective D 1 R agonists (Jenner, 2005) due to issues with multiple side effects. Non-pharmacological evidence also supports the clinical relevance of the indirect pathway: the highly efficacious surgical therapy for PD, deep brain stimulation, has been proven to be a highly effective when targeting the subthalamic nucleus (Krack et al., 1997; Limousin et al., 1995) , which preferentially modulates the indirect pathway. Therefore, selective modulation of the indirect striatal output pathway continues to be an important therapeutic target for PD and the further mechanistic study of MMP-2200 and similar opioid drugs with the goal of clinical development for patients with uncontrolled dyskinesia appears warranted.
Effects of MMP-2200 on L-DOPA-induced AIMs
The effects of MMP-2200 in the LID model are complicated when L-DOPA itself is used as the probe. Since L-DOPA itself can be thought of as driving both the direct and indirect pathways, e.g. having both D 1 R and D 2 R agonist effects, we expected that MMP-2200 would partially block the effect of L-DOPA in the setting of dopamine hypersensitivity. Indeed, the effects of MMP-2200 on rotational behavior are consistent with this line of reasoning, where a significant reduction in locomotor AIMs was found as expected. However, MMP-2200 was not effective in ameliorating LAO AIMs in our model. Instead, there was a small increase in LAO AIMs, which was blocked by pretreatment with the selective DOR antagonist naltrindole. This suggests that the δ-agonist activity of MMP-2200's dual action at μ-and δ-opioid receptors is responsible for the worsening of LAO-AIMs. This finding is in agreement with the results of a study done by Billet et al. (2012) ]-enkephalin (DPDPE), which like MMP-2200 is a structural analog of Leu-enkephalin, significantly increased LAO AIMs in the 6-OHDA lesion rat model of LID. We do not have a simple explanation for why MMP-2200 is effective against D 2 Rlike-induced dyskinesia but not even partially effective against L-DOPA LAO-AIMs (see section 4.4). These results are consistent, though, with the complex array of effects of L-DOPA compared to selective dopamine agonists; L-DOPA acts at all of the five dopamine receptors sub-types which are found in multiple anatomic regions, including extra-striatal regions (Obeso et al., 2000) . Thus, it is not surprising that L-DOPA results are not fully predicted by the combined results of the selective D 1 R and D 2 R-like agonists. In this respect it is of interest that dopamine D3 receptors (D 3 R) are found in both the direct and indirect pathways, though differentially after L-DOPA priming (Solís et al., 2017) . Currently, a number of studies have implicated alterations in D 3 R expression and signaling in LID. Chronic L-DOPA treatment has previously been shown to increase D 3 R expression in the dorsal striatum in rats unilaterally lesioned with 6-OHDA (Bordet et al., 1997; Guillin et al., 2001) . This increase in D 3 R expression correlates with hypersensitization to L-DOPA (Guigoni et al., 2005) . Data from a recent study by Solís et al. (2017) provides evidence that D 3 R-mediated signaling plays an important role specifically in the development of dyskinesia and revealed that chronic L-DOPA therapy leads to increase D 3 R expression predominantly in D 1 R-expressing striatal MSNs of the direct pathway, and to much lesser degree in D 2 R expressing striatal MSNs of the indirect pathway. Furthermore, they showed that genetic deletion of D 3 Rs attenuates LID. Recent data also support that a functional, synergistic interaction between D 1 R and D 3 R exists to both behaviorally and biochemically to drive dyskinesia in hemi-parkinsonian rats (Lanza et al., 2018) . Considering that the up-regulation of D 3 R in LID principally happens in the direct pathway and the main anti-dyskinetic effect of MMP-2200 instead is likely to be located in the indirect pathway, we would argue that changes in D 3 R activity do not play a major role in explaining our findings. In order to investigate this directly in the future, experiments with more selective D 3 R antagonists would be required.
Combined effects of MMP-2200 and MK-801
In prior work, we have demonstrated that the potent non-competitive NMDAR antagonist MK-801 can also selectively block LID via a mechanism that involves the indirect pathway (Flores et al., 2014) . Given that MMP-2200 strongly modulates the indirect pathway, we tested the effects of MMP-2200 in conjunction with MK-801. We report here, for the first time, that co-administration of an opioid receptor agonist (MMP-2200) and MK-801 produces a combined effect that is characterized by a robust suppression of L-DOPA-induced locomotor and LAO AIMs, with reduced induction of parkinsonism. This is an important finding, since MK-801 is extremely effective at blocking dyskinesia in the pre-clinical model, but only at doses that worsen the parkinsonian symptoms (Paquette et al., 2010) , indicated by inducing ipsiversive rotations in this model and by preventing L-DOPA's therapeutic effects to reduce impaired sensorimotor function tested with the Vibrissae-Stimulated Forelimb Placement test (Flores et al., 2014; Paquette et al., 2010) . The pro-parkinsonian effect of MK-801 is a major liability for future drug development of novel anti-dyskinesia agents with highly specific NMDAR blocking properties. The clinically used drug amantadine is a multifunctional drug, with its weak NMDAR-antagonism as one contributor to its clinical efficacy in PD (Paquette et al., 2012) among other not identified mechanisms. When compared to MK-801, amantadine shows even at high doses weaker anti-dyskinetic activity in rodents (50% reduction), compared to MK-801 (> 90% reduction), but importantly, amantadine does not have the liability to induce any pro-parkinsonian locomotor activity as MK-801 does. In this regard it is of interest that low sub-anesthetic doses of ketamine, another multifunctional drug with weak non-competitive NMDAR-antagonism amongst its activities, do lead to reduction of LID as well, while also not inducing pro-parkinsonian locomotor activity (Bartlett et al., 2016) , but rather showing antiparkinsonian activity by itself (unpublished results). Since ketamine is known to bind opioid receptors and having agonist properties (Finck and Ngai, 1982; Gupta et al., 2011) , this would also suggest opioid agonism together with highly specific NMDAR-antagonism might allow a strong anti-dyskinetic activity to occur without worsening of the PD symptoms at the same time. Together with that information our data suggests, that a potent highly specific NMDAR blocker could still find clinical utility if used in combination with MMP-2200 or a similar DOR agonist.
Our results with experiments utilizing MK-801 show that the balance of δ and μ opioid receptor activity of MMP-2200 is an important determinant of its effects on AIMs. If we block the δ activity with naltrindole, the remaining μ activity interferes with the anti-dyskinetic activity of MK-801 (Fig. 8) . This finding is consistent with prior studies of the μ opioid system in LID, which would predict that μ-agonists would worsen LID. Accordingly, there is evidence that MOR antagonists have anti-dyskinetic action in non-human primate (NHP) models of LID (Henry et al., 2001; Koprich et al., 2011) . It should be noted though, that the literature is not entirely consistent when comparing results from different animal models and clinical studies (Elmagbari et al., 2004; Fox et al., 2004; Henry et al., 2001; Klintenberg et al., 2002; Manson et al., 2001; Rascol et al., 1994) . Nevertheless, there is sufficient evidence to consider that δ-and μ-opioid systems may work in balanced opposition.
Relation of experimental findings to the classical model of basal ganglia
We may explain the results of our experiments, in part, by using the framework of the classical model of basal ganglia function. According to the classical theory and supported by computational modeling (Moustafa et al., 2008) , the parkinsonian "off" state is explained by an imbalance between the direct and indirect pathways: the indirect pathway becomes hyperactive while the direct pathway becomes underactive. The segregated expression of PPE-A and PPE-B mRNAs as well as differential expression of μ-and δ-opioid receptors by MSNs in the two respective pathways (Lindskog et al., 1999; Noble and Cox, 2002) suggest that enkephalins modulate neurotransmission in the indirect pathway while dynorphins modulate neurotransmission in the direct pathway. The exact role of the neuropeptides in controlling the activity of the basal ganglia circuitry is less clear, though it is evident that there are important alterations in the peptidergic systems that occur in the setting of PD. The precursor mRNA for PPE-A has been shown to be upregulated in states of striatal dopamine depletion (Gerfen et al., 1990; Nisbet et al., 1995; Westin et al., 2001 ). In fact, NHP studies have demonstrated that alterations in levels of expression of PPE-A precede the appearance of motor deficits related to DA depletion (Bezard et al., 2001 ). Furthermore, long-term, chronic L-DOPA therapy leading to LID increases levels of expression of PPE-A mRNAs beyond what is seen in states of DA depletion alone (Calon et al., 2002; Henry et al., 1999) . Though these alterations are well-established, we do not know whether the upregulation of enkephalinergic transmission in the indirect pathway contributes to the pathology of PD or whether it is a compensatory mechanism. The results of our experiments with MMP-2200 are most consistent with the viewpoint that in the condition of LID, enkephalin upregulation in the indirect pathway is a compensatory reaction that partially restores homeostasis in the basal ganglia circuitry. The action of MMP-2200, via enhancing the endogenous effect of enkephalin, is able to more fully restore the proper balance between the direct and indirect pathway and thus provides a potent anti-dyskinetic effect in our model of LID.
The same line of reasoning might suggest that our test article, MMP-2200 might worsen the parkinsonian "off" state (dopamine depletion without pharmacological replacement) by exacerbating the pathologically increased enkephalin-ergic transmission in the indirect pathway. Importantly though, we did not observe this effect: MMP-2200 failed to display any pro-parkinsonian effects whether used alone or in combination with other drugs. Rather, MMP-2200 actually reversed the proparkinsonian effect of the NMDAR antagonist MK-801. We postulate that this beneficial property arises from the balanced and dual activity of MMP-2200 at both μ and δ receptors, and by extension a dual effect to increase activity of both the direct and indirect striatal outflow pathways. These balanced effects mean that MMP-2200 alone has little or no effect on normal locomotion, but "clamps" down the striatal outflow and thus resists any perturbation away from the normal balance. This explains the results of the experiments with MK-801 where MMP-2200 has both anti-dyskinetic effects and anti-parkinsonian effects. If further studies validate this concept, then MMP-2200 or similar agents could have a special utility in the treatment of advanced PD, where rapid fluctuations between the "on", "on with dyskinesia" and "off" states produce substantial morbidity.
Potential limitations of the experimental design
The design of this study presents some limitations with respect to the sequential order in which the experiments were performed using each of the three AIMs-inducing drugs: L-DOPA, SKF8179, and quinpirole. The experimental modeling of LID typically involves the initial priming of the animals with L-DOPA prior to a secondary priming and testing with DA receptor agonists. In order to minimize the use of animals, we performed experiments on L-DOPA induced AIMs first, and subsequently tested the selective dopamine receptor agonists. We acknowledge the potential for lasting changes in plasticity that may have carried over from previous phases of the study to affect later phases of the study. Since the experiments testing the effects of MMP-2200 on D 2 R agonist-induced AIMs were performed last in the study we cannot rule out that repeated exposure to MMP-2200, or prior exposure to D 1 R agonists may have confounded the results. The differential effects of MMP-2200 on locomotor and LAO AIMs, could simply be related to fundamental mechanistic differences between locomotor and LAO AIMs. The predictive validity of L-DOPA-induced contralateral turning behavior (i.e. locomotor AIMs) as a correlate of human LID is highly debated. Rather, it has been suggested (Lundblad et al., 2002 ) that while contralateral rotations reflect the extent of unilateral DA-denervation/depletion in the 6-OHDA rat model, LAO AIMs are a better behavioral correlate of human LID. For example, locomotor AIMs can be induced by drugs that have low potential for inducing dyskinesia clinically and are not attenuated by drugs that have demonstrated antidyskinetic efficacy in patients (Dekundy et al., 2007; Lundblad et al., 2005 Lundblad et al., , 2002 . Thus, LAO AIMs have greater predictive validity as a surrogate measure of LID occurring in PD patients, and therefore, in this context, it is perhaps not surprising that the effects of MMP-2200 on L-DOPA induced LAO and locomotor AIMs in the present study do not correlate with one another.
Conclusion
In conclusion, systemic administration of the mixed δ/μ opioid glycopeptide MMP-2200 reduced limb, axial, orolingual, and locomotor abnormal involuntary movements (AIMs) induced by a selective D 2 R agonist, possibly strengthening the homeostatic upregulation of enkepahlins in response to development of dyskinesia. In addition, MMP-2200 modified the effect of the NMDAR antagonist MK-801 to result in a potent reduction of L-DOPA-induced limb, axial and orolingual AIMs with reduced induction of parkinsonism, mitigating the pro-parkinsonian activity that MK-801 has by itself. Since DA receptor agonists are used extensively in current clinical practice our data suggest that it could be worthwhile to further explore the therapeutic potential of drugs structurally related to endogenous opioid peptides as adjuncts to established therapies. In the case of MMP-2200, μ agonism might be a liability for drug development, given potential for abuse, tolerance, and addiction associated with traditional opioids active at the μ receptor. Our studies indicate that structural changes to enhance the δ-selectivity would preserve the anti-dyskinetic properties of the molecule and perhaps improve the suitability as a therapeutic agent. The μ-activity is important however for the balanced effect and may prove to be an acceptable pharmacodynamics property when fully evaluated. Indeed, it should be remembered that neuropathic pain has only been recently acknowledged as a major comorbidity of PD and pain related to motor fluctuations remains a poorly addressed non-motor symptom. In this regard, development of new therapies based on the opioid peptide transmitters is all the more urgent.
